J P I. I.TIRR A.RY ^-vc 

PMr"""' . |M.?p]-Tr nr T' 'Wni'!'^V arrno. 4ci4 



NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 




WARTIME REPORT 



ORIGINALLY ISSUED 

March 1944 as 
Advance Restricted Report 4C14 



FLIGHT TESTS OF SEVERAL EXHAUST-GAS -TO -AIR 
HEAT EXCHANGERS 
By Richard Jackson and Wesley H, Hillendahl 



Ames Aeronautical Laboratory 
Moffett Field, California 



WASHINGTON 



NACA WARTIME REPORTS are reprints of papers originaUy issued to provide rapid distribuUon of 

advance research results to an authorized group requiring them for the war effort. They were pre- 
viously held under a security status but axe now unclassified. Some of these reports were not tech- 
nically edited. All have been reproduced without change in order to expedite general distribution. 



A-46 



lATIOl^AL AIDVISOtLT COMMITTEE ?0R ASP.CNAUTICS 



ADVAITCE RES "^^P. 10 TED REPORT 



t."wsts op several EXHAUST-GAS-TO-AIR 
Hn]AT PXCH;lNaERS 
By Bichard Jackson and V^esley Eo Hillendalil 

GUHIiARY 



Thirteen exliati^ t~gas— t o-a ir heat exchangers have heen 
tested in flight to determine the pract icahility of the use 
of such heat exchangers in the thermal i ce—pr event i on 
systems on aircraft. The results, given in the form of 
performance charts, show that exhaust— air heat exchanf^ers 
constitute an excellent sor.rce of heated air for aircraft 
ice prevention and that they can "be constructed to v/ith— 
stand the thermal and viorational stresses to v/hich they 
are suhjiected when install.ed in an airplane exhaust system, 
A coraparison of the performance characteristics of the four 
types of exhaust—air heat exchangers tested in this investi- 
gation shov/s that no particular type is distinctly superior 
in all respects to the other types., 

IlTTRODUaTIClI 



Early in 1942 v;hen c ons i der a t i on v;as first "being given 
to the use of heated air as the v:orking fluid in aircraft 
thermo-1 ice— pr event i on systems, one of the chief difficulties 
encountered v/as the lack of an adequate source of heated 
air. The a ir— c ondi t i oning and petroleum industries had 
made extensive use of heat exchangers as sources of heated 
air 5 "but these hea^t exchangers were heavy, hulky, and 
genera.lly unsuitable for use on aircraft^ Unit comousticn 
heaters and intensifier tuhes v/er e oeing used on aircraft 
to supply heated air for cah in— hea t ing systems; hov/evor , 
"both of these heat exchangers proved inadequate to meet 
the demands of a thermal ice— prevent i on- sys t erne Thus, it 
"became evident that in-order to develop a successful ther- 
mal i ce—pr event i cn system using heated air as the v/orking 
fluid it v/ould also "be necessary to develop an adequate 
source of heated air^ 



Proliminary inve s t if?;a t i or s showed that a heat 
exchanger v/hich v/ould efficiently use the heat in the 
exhaust gases v/as the most promising source of heated air 
for use on aircraft and that a satisfactory heat exchanger 
should have the fcllov/ing chara c t er i s t ics s 

lo She rate of heat transfer from gas to ?oir must 

satisfy the roquiroments of the ice— prevent ion 
s y s t e m c 

2a -he air-side flov; resistance must "be sufficiently 
low that the dynamic pressure in flight will 
suffice as a pump for the entire system, 

3 The gas -side flov/ resistance should not cause ex- 
cessive "back pressures in the exhaust manifoldo 

4o The weight and over— all volume of the heat 
exchanger must "be lov/o 

5c The heat exchanger must he ahle to withstand the 

thermal and vibrational stresses to which it is 
sulDjected when installed in the exhaust system 
of an aircraft engine* 

Prior to 1942 it was dou'btful that such a heat exchanger 
could "be manuf act ur edr. Therefore, the IJACA in cooperation 
with the University of California and several aircraft and 
heat— exchanger manufacturers sot out to determine whether 
or not suitable exhaust—air heat exchangers could ho de- 
signed and constructed and j if so, whether they would 
stand up under service conditions in flight. 

The general investigation was divided into three parts 
The hea- 1— exchanger manufacturers were encouraged to inves- 
tigate the design and construction of several types of 
exhaust— air heat exchangers and to fa'brico.te test units 
designed for use in a. thermal ice— prevent i on system. The 
second part of the inves t iga t i on ^ now heing conducted at 
the University of California, includes the testing of 
exhaiist— air heat exchangers in a ground— test stand and a 
detailed analysis of the heat-transfer and pressure phe- 
nomena encountered thereino The results of the completed 
portion of this part of the investigation are reported in 
references 1 to 13, The third part of the general inves — 
tigation^ conducted at AAL and reported herein, consists 
of the de t er m.inat i on of the performance characteristics 
in flight of several exhaust— air heat exchangers^ The 



primary piirpo'^e of this part of the investigation was to 
determine v/hether or noi: exhaust— air heat exchangers could 
be constructed with performance and service characteristics 
which would meet the demands of aircraft thermal ice— preven— 
t ion sys terns . 

NOTATICIT 

'The symbols uccd in this report ci.re defined as follov;s: 
A_ heat— trans'f er surface area, scLiare feet 
?/A engine fuel-air ratio 

G- mass velocity of fluid, pounds per hour per square foot 

g gro.vitat i cna 1 const<-nt, feet per hour per hotir 

AP pressure drop, inches of water 

Q heat oatput , British thermal unit!:per hour 

t temperature, degree Fahrenheit 

Vol over— all volume, cubic feet 

V specific volume of fluid, cubic feet per pound 
¥ fluid flow rate 5 pounds per hour 
Wt v/eight of heat exchanger 5 pounds 
S.3ib^cr i,r)is. 

a e.ir s ide 

g gas side 

c carburetor 

^ inlet 

2 outlet 



4 



ft 



The heat exchangers tested at AAL have "been divided 
into four reneral groups according to bheir c ons true t i on o 
These are as fol.lows: 

1, Flute type 

2o Plate type 

3o Tuhular type 

4> Pin or fin t3-pe 

The details and materials of construction of the heat 
exchangers; together with diagrams showing the air-side 
shrouding used in the flight tests, are given in figures 
1 to 39o 

The three fluted heat exchangers shown in figures 
1 to 9 were parallel-flow , all~pr imary-surf ace , cylindrical 
heat exchangers and consisted essentially of a series of 
trapezoidal ducts wrapped around a hollow cylindrical core* 
The air flowed through every other trapezoidal duct and 
the exhaust gas flowed through the central core and the 
remaining trapezoidal ducts c 

Four plate-type heat exchangers were tested and arc 
shown in figures 10 to 21o They were cross-flow, all- 
primary-surface heat exchangers approximately cuhical in 
shape o These heat exchangers consisted of a numher of 
alternating air and gas passages separated hy thin plates** 
The air and gas passages of heat exchangers 35 and 48 
were thin rectangular ductSo The separating plates were 
flat and the spacing of the passages was maintained "by 
heads and dimples drawn into the flat plates o In heat 
exchangers 11 and 42 the plates were stamped to a wavy 
or corrugated Dattern and were so assemhled that the gas 
passages were tuhes with a more-or-less diamond-shaped 
cross section. The air passages were wavy, thin, rec- 
tangular ducts formed hy gaps left hotween adjacent rows 
of the gas passageso 

The three tuhular heat exchangers tested are shown 
in figures 22 to 30« These wore cross-flow, all-primary- 
surfaco heat exchangers and were cylindrical in shape. 
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The tu"bes of heat exchanger 24 v:ere flattened and the 
adjacent r ovs v/ere staggered* Air flowed through the 
flattened tuoes and the ezhaust gases, bounded "by the 
cylindrical shell, flowed across the flat— tuhe "bundle. 
Heat exchangers 39 and 40 v;ere round— tube bundles v/elded 
to the hecder plates o The air flowed across the tubes 
and the exhaust gases flowed through the tubes c On both 
of these heat exohan.7:ers iron abrasion pla,tes, cut to 
match the tube pattern, v>ere located at the inlet to the 
ga^ passages. The purpose of these plates was to protect 
the sharp upstreara edges of the tubes from the abrasive 
action of the high— ve 1 oc it y gas stream^ 

Three pin— or fin-type heat exchangers are shown in 
figures 31 to 39, These i^-ere all cross-flow, extended- 
surface, cylindrical heat exchangers* The extended 
surfaces on heat exchangpr 4 consisted or round, hollow 
pins r es is tance-v/eided zo both sides of the cylindrical 
shell. The exhaust gas flowed through the cylinder and 
over the internal pins and the air flov^^ed around the 
cylinder and over the external pins as shown in figure 33. 

» On heat exchanger ? the gas— side extended surfaces were 

contir.uous longitudinal fins running the length of the 
heat exchanger and extending racially from the cyln.ndrical 

<r shell into the gas stream. The air— side heat— transfer 

surface consisted of discontinuous fins which extended 
cut\/ard from the shell as shown in figure 34, The air 
flov/ed around the cylinder and over the air fins as shown 
in figure 36c The extended surfaces of heat exchanger 28 
consisted of channel sections the flanges of which had been 
serrated and bent to form the pattern shown in figure 37* 
The gas— side fins were spot-welded longiuudinally along 
the inner surface of the shell and the air— side fins were 
wrapped radially around and spot— welded to the outer 
surface of the thellr 

The heat exchangers were tested in flight on a ITorth 
American 0-47A airplane. This is a midwing monoplane 
pov/ered v;ith a Wright-Cyclone, single-row, nine-cyl:*.:ider , 
radial, air— cooled engine v/ith a piston displacement of 
1820 cubic inches and rated at 835 horsepower at 2100 
rpm at 3S0C feet. The 0-47A airplane is eo^uipped with a 
cylindrical tail pipe v/hich extends, along the right side of 
the fuselage, nearly to the v/ing trailing edge. One of 
the sections of the tail pipe was removed for the flight 
* tests and was replaced by the heat-exchanger installations. 

Typical heat-exchanger installations are shown in figures 
40 and 41. 
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Eiagrams sho;^^ing the air-^ide shrouding^ used in the 
flirlit tests for each, he'^t exchanger, are included m 
figures 3 to 39o In most cases, the shrouding was con— ■ 
structed from sheet aluminum although the shrouding for 
heat exchanger 34 was constructed from c old-r oiled— s t eel 
sheet c Cruide vanes were installed in the inlet headers to 
insure uniform air-flow dis tr ihut i on through the heat 
exchangers^ and in oi^e case (neat exchanger 42) the outlet 
header was also equipped with guide vanes o The straight 
shrouding, used in the isothermal tests, consisted merely 
of straight, rectangular, or circular ducts made from 
c old— r clle d— s t ee 1 sheet which were free from ollDowtj^ 
guide vanes, expans i ons, and c ontr ac t i ons c Typical straight- 
shrouding installations are shown in figure 42a In the 
isothermal tests the source of air flow was a centrifugal 
fan the maximum capacity of which was approximately 2400 
cu'oic feet per minute© 



PROGEDURE AO MEASUREHEKTS 



During the flight tests level flight was maintained at 
a pressure altitude of 5000 feet and the engine speed and 
manifold pressure were held constant at 1800 rpm and 25 
inches of mercury, respectively. The fuel-air ratio was 
adjusted in each test to ohtain an indicated exhaust-gas 
temperature' of 1600° Pe The gas-flow rate at these 
engine conditions was ahout 3300 pounds per hour^ The 
air-flov7 rate was varied in steps by means of a throttle 
valve located in the outlet-air ducto Three or four air- 
flow rates were used in each teste At each air-flow rate 
sufficient measurements v/ere made to determine the exhaust- 
gas inlet temperature, gas-side static pressure drop, the 
air— flow rate, inlet- and outlet-air temperatures, and 
the air— side static pressure drop. 

The ground tests were divided into two partSe The 
first part consisted of pumping air at room tem.perature 
through the air side of the heat exchanger and shrouding, 
as installed for flight testSc The guide vanes in the 
inlet header were adjusted until the air-flow distribution 
was practically uniform. Then the rate of air flow, as 
measured hy a venturi meter and a sharp-edge orifice 
meter, v;as varied. At each value of air-flow rate the 
static pressures in the inlet- and outlet— air ducts were 
measured, 'fhe orifice meter was used to check the cali- 
hraticn of the venturi meter.. In the second part of the 
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ground tests the flight shrouding was replaced "by the 
straight shrouding and the static pressures were measured 
ahead of and "behind the heat exchanger at several air— flov/ 
r a t e 3 o 

The ineasur oinent s taken in the preceding tests are 
"briefly descri"bed as follov;s: 

4ir.— £.low_.r2.i^'^~ With one exception the air— flov/ rates 
wore dotermined "by means of venturi meterso These meters 
were cali'bro.ted against a 4— inch ^ sharp— edge orifice meter 
the cali"bration of which had "been checked "by velocity 
surveys o During the flight tests on heat exchanger 11, 
the air— flow rate v/as determined "by means of a simplified 
pitot— tu'be survey v;hich is descri"bed in reference 14« 
This method had "been checked with a venturi meter and was 
f ound satisfactoryo 

J^.!li£^Z§:i-^_,^.§.-2P£I.?:iy:tl® Preliminary tests in v;hich the 
inlet— air scoop was located aft of the cowl skirt indicated 
that some of the warm, lov;— velocity air emerging from the 
» cowl skirt v/as entering the intake scoopc Therefore, in 

the tests reported herein, the inlet— air duct was extended 
forward to the front of the cowl so that only air at the 
free— stream temperature entered the duct. Two unshielded 
ir on— c ons ta^ntan thermocouples located in the inlet— air 
duct a"bout one foot forward of the heat exchanger con- 
sistently indicated that the entering air temperature was 
within 2' or 3 F of the free— stream temperature. 

^l:i.i§.i.'r§ii?l_.t§.-^E^L9:t!±E.£''" ^i've unshielded iron- 
constanta^n thermocouples, spaced across a diameter of the 
outlet— air duct, located from three 'to five duct diameters 
downstream from the heat exchanger outlet were used to 
determine the outlet— air temperature. In most of the 
tests the outlet— air duct was insulated with a quarter- 
inch layer of as"bestos lagging v:hich extended from the 
heat exchanger outlet to a point al^out ten duct diameters 
downstream. When this insulation v/as used, the temperature 
was practically constant over the cross section in v/hich 
the thermocouples v/ere located. The mean deviation in 
indicated temperature v;as less than ^3 percent » In 
tests on heat exchangers 4, 11, 28, and 29, hov/ever , the 
cutlet— air duct v;as not insulated. In these tests the 
temperature dis t r i"but i on in the duct varied and, since the 
• velocity distrihution in the duct was not known, it was 

impossi"ble to o"btain a true average temperature, Therefore, 
the o.rithmetic average temperature was used and the values 
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of heat output Ghov/n for thsse heat exchangers are more 
uncertain tha,n are the va3.ues given for the other heat 
exchanger s c 

Fxhaust-^^as-f low ratco- The exhaus t-gas-f 1 cw rate \:as 
determined in flight hj two independent methods. In one 
method the carl^uretor air— flov/ rate v;as measured "by means 
of a venturi meter located Just forv/ard of the carhuretor 
air-intake scoop, the fuel-air ratio was measured ^^^ith a 
Canhridge analvzer , and the gas— flow rate v/as calculated 
from the carhuretor air— flov; rate and the fuel— air ntiOo 
In the other method the exhaus t-gas-f 1 ow rate v/as measured 
directly \}y means of a stainless — steel venturi meter 
located in the exhaust tall pipe. This venturi meter had 
"been calibrated in the heat-exchanger test stand at the 
University of California with an inlet— gas temperature of 
1600*^ I o The gas-vlov: rates determined oy these two methods 
are compared in the following tahle: 



Determination of 3i]xhaus t— G-as— F 1 ow Rate 



Engine , rpm 


1800 


1800 


1900 


20C0 


Manifold pressure, ino Hg . 


22.4: 




25 


28 


i.-'//^ + :^^.r/A, Ih/hr 
Venturi meter, Ih/hr 


2730 
2940 


3270 
3350 


3560 


4400 
4350 


Pressure altitude: 5000 ft. 
Inlet— gas temperature: 1600 F 

: carburetor air— flow rate 
F/a: fuel- air ratio 



From this talkie it is seen that, \inder the engine conditions 
at which the flight tests were made (1800 rpm and 25 in. 
ii.P.), the exhaust-gas-flow rate war, approximately 3300 
pounds per hour c It is e s t imat e d t iaa t this value of gas-flcv/ 
rate is accurate within ^5 percent. 

•^^^zl^}iltz£:i^_l£i2££?l~~££ inlet— gas t emper p.tur es 

given herein are not average entering— gas temperatures 
"but are temperatures measured a.t the center of the tail 
pipe alDOut 1 foot ahead of the heat exchangers and were 
used as reference temperatures. During the flight tests 
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of most of uhe heat exciian.;^er s , a cur.druple— sxiielded 
•Cher iViOc oui^le of the t^^pe shown in figure 43 was used. 
The indicated temperature was not corrected for radia- 
tion error which, according to reference 15, was prota^bly 
less than 2 psrcente Darin,%' the flight tests of heat 
exchangers 4, 11, 12, 23, and 29, the gab-temperature 
measur ement s were completely unsatisfactory but, since 
these tests were p?rfcri]ed under the same conditions as 
\\rerc the tests of the other heat exchangers, it was 
assumed that the enter ing-gas temperatures were also 
the same . 

PressLire dro£.~ I'/all orifices and static tu"bes were 
vsed in conjunction v/ith v/ater manometers and airspeed 
meters to indicate the differences "between static pressures 
ahead of ajid "behind the heat exchangers. During the flight 
tests and also the isothermal tests with flight shrouding, 
the air-side differential pressures were measured iDetween 
taps located ap;or oximat e ly 1 foot upstream and six duct 
diameters downstream from the heat exchangers; the gas- 
side pressure taps were located alDOut 1 foot upstream 
and six tail-pipe diameters downstream. During the iso- 
thermal tests with straight shrouding, the upstream pres- 
sure taps were located from 6 to 12 inches ahead of the 
heat exchanger, and the downstream taps were located 
sufficiently far aft of the heat exchanger to oe in a 
region of staolo flow. The air-side pressure drop meas- 
ured in tests on heat exchanger 4 has "been corrected for 
the difference "between the inlet- and outlet-duct areas. 
In all other tests, ^he upstream and downstream pressure 
ta-po were located in round ducts of the same diameter. 
The nonis other mal air-side friction pressure drop* for 
heat exchangers 10, 1 1 , 12 , 2 9 , 54 , 35 , 42 , and 48 was 
obtained ty subtracting from the measured static pressure 
drop the value of the term (v ^-v ^ ) / 5 . 2g (reference 16), 
which is the drop in static pressure due to the expansion 
of the air as it becomes heated. Values of nonis ot her mal 
air-side friction pressure drop are not given for the 
other heat exchangers because of the uncertainty involved 
in determining their air-side free areac 

*Thr oughvut this report the term "friction pressure drop" 
incl^^des all of the skin-friction and mechanical expansion 
and contraction pressure losses occurring between the 
stations at which the measurements wore made. 
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RESULTS AiTD EISCUSSIOH 



The test da.ta for each heat exchanger are given in 
the form of performance charts in figures 45 to 56, These 
cha^rts include curves v;hich shov; the variation of heat 
output and air—side pressure drop with air— flow rate and 
•the variation of gas— ::^id9 pressure drop with gas—flov; rate^ 
The values of heat output were calculated from the air- 
flow rate, temperature rise, and mean specific heat. The 
nonis other r.al air-side static pressure drop measured in 
flight is given for each heat exchanger c The nonisother- 
mal air— side friction pressure drop, which is the differ- 
ence oetv/een the measured air— side static pressure drop 
and the change in static pressure due to the expansion 
of the air, is given for heat exchangers 10, 11, 13, 29, 
c4, 35, 42, and 48o The nonis ot her mal gas side pressure 
drop given in the charts is the static pressure drop 
measured in the' flight tests o These values vrere not 
corrected for the change in static pressure due to the 
change in the specific vol\ime of the gas "because average 
gas t omT)orr tur es x^;ero not measured. This correction is 
relativel.v unimportant, hov/ever , "because on the gas side 
it is small in comparison to the friction pressure dropo 
All of the isothermal pr es sur e— dr op data consist of 
differences hetween static pressures measured ahead of 
and "behind the heat exchangers. Since there is no 
change in specific volume in isothermal flov/, the 
static pressure drop a.nd friction pressure drop are 
identicals The isothermal air— side pressure drop v;ith 
flight shrouding includes the duct losses "betv/een the 
pressure taps, "but that v;ith straight shrouding consists 
of only the heat exchanger losses "because the pressure 
losses in the straight ducts v/ere negligiole. 

The amount of heat reo^uired per heat exchanger oy an 
aircraft thermal ice— pr event i on system depends upon many 
factors, principal among which are the size of the airplane, 
the nura'ber of engines on the airplane, the num'ber of heat 
exchangers per engine, the airspeed and altitude for which 
the system is designed, and the num"ber of purposes (such 
as v/ing protection, tail— surface protection, v/indshield 
protection, cahin heating, etc.) for vrhich the system is 
designed^ Therefore, a specific rate of heat output can- 
not "be set as a criterion for a satisfactory heat exchanger, 
Hov;cvcr , the rate of heat output per hea-t exchanger required 
"by the thermal ice— pr event i on systems of the B — 17F and 
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airplanes (references 17 and 18) is approximately 
?CO,OOG Btu per hour under the follov:ing conditions:. 

• TreGS-are -alt itude , 18,000 feet 

Indicated airspeed, approximately 155 miles per hour 

Air-flow rate, aoout oOGO pounds per hour 

Gas-flow rate, appr oxinia t j ly 4000 pounds per hour 

Inlet— gas temperature, alDOut 1600^ F 

Under these conditions the allov/ahle air-side flow resist- 
ance of the heat-exchanger installation is approximately 
6 inches of water « Previous experience has indicated that 
the flow resistance of the heat— exchanger installation 
should not exceed one-half of the dynamic pressure, which 
is aoout 12 inche.s of v;ater at an indicated airspeed of 
155 miles per hour. 

The tests reported herein v/ere made at a pressure 
altitude of 5000 feet; out, holding the other factors 
constant, the rate of heat transfer does not change 
appreciably with altitude, and the friction pressure drop 
at. ISjOOO feet is approximately twice that at 5000 foetc» 
Therefore, in order to satisfy the preceding requirements 
at 18,000 feet, a heat exchanger when operating at 5000 
feet, and at the same conditions of air- and gas-flow rate 
and gas temperature, should deliver approximately 200,000 
Btu per hour with an air-side flow resistance of not more 
than 3 inches of .v;ator. 

An examination, of table I show that only heat 

exchangers 35 and 48 fully satisfy the preceding require- 
ments^ Under the test conditions given therein these heat 
exchangers had heat outputs of 190,000 and 295,000 Btu per 
hour, respectively, and the nonis other mal air— friction 
pressure drops at 5000 fpet were 2.5 and 2^8 inches of 
water, respectively. Although it is significant that both 
of these heat exchangers v;ere of the flat-plate type, it 
should not be concluded that the other typos are unsatis- 
factory. Most of the heat exchangers tested would satisfy 
the thermal requirements*, and perhaps the preceding crite- 
rion for pressure drop is too conservative. It is knov/n 
that three heat exchangers, practically the same as heat 
exchanger 7, were used to supply heated air for the thermal 
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ice-prevention system of the B-17F airplane which has toen 
successfully operated in icing conditions. In talDle I it 
is shown that all of the heat exchangers tested in this 
investigation, v/ith the exceptions of heat exchangers 4, 

10, 28, and 39, had heat-transfer characteristics v/hich 
equaled or. surpassed those of hea,t exchanger 7. It is 
also shown in ta'cle I that only heat exchangers 34 and 42 
had excessive isothermal pressure losses with straight 
shrouding* Therefore, it is prohahle that heat exchangers 

11, 12, 29, and 40, with properly designed air-side shroudin 
would also have satisfactory air-side pressure-drop charac- 
teristics, 

A definite criterion for the allowa*ble increment of 
engine hack pressure, added hy an exhaust-air heat ex- 
changer, has not "been estaolished. However, an increment 
of 2 inches of mercury, under cruising conditions at 18,000 
feet, is not considered excessive* Therefore, an exhaust- 
gas pressure drop of ahout 1 inch of mercury, at 5000 feet 
and a gas-flow rate of 400C pounds per hour, is prohahly 
satisfactory, (The exhaust-gas-flow rate from one of the 
engines on the B-17? airpljxne, or the XB-24D airplane, at 
cruising power is approx. 4000 ^Ih/ hr . ) The data in figures 
44 to 56 show that the gas-side' pressure drop of most of 
the heat exchangers, at 5000 feet and a gas-flow rate of 
4000 pounds per hour, was less than 1 inch of mercury. 
It is concluded, therefore, that the gas-side pressure- 
drop characteristics of most of the heat exchangers were 
satisfactory. It should he noted, however, that the 
increment of engine hack pressure, due to a heat exchanger, 
under take-off and other high— power conditions will he 
from four to six times greater than at cruising conditions. 

In general the v/eight and over-all volume of the heat 
exchangers tested in this investigation are considered 
satisfactory. These factors are not critical in the present 
stage of heat— exchanger development, and it is prohahle 
that as heat exchangers come into general use, smaller and 
lighter units will he developed without sacrificing heat 
output or serviceahility ♦ 

The tests reported herein were completed in from 7 to 
20 hours of flight per heat exchanger and were, therefore, 
of insufficient duration to justify conclusions regarding 
the service life of the heat exchangers. Heat exchanger 
48 had huckled severely in less than 10 hours of testing, 
hut this heat exchanger was made from cold— r oiled— s tee 1 
plates. An Inc onel-plat e heat exchanger stamped with the 
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same dies has iDeen te^'tod for 18 hours without any signs 
of failure c The other plate-type- heat exchangers were 
slightly distorted after testing "but no indications of 
failure could he detoctedo Several heat— exchanger manu- 
facturers have suhmitted the available service history of 
their units c A fluted heat exchanger exactly like heat 
exch:\nger 29 has hesn in continuous operation on a Pan- 
American Airways DC-3 airplane for more than 750 flying 
hours o A tuhular heat exchanger exactly like heat ex- 
changer 39 has heen undergoing tests on an XB-24D air- 
piano for more than 500 hours^ Ahout 1000 fluted heat 
exchangers similar to heat exchanger 10 have heen in 
operc.tion on PBY-5 airplanes for approximately 500 hours, 
and in that time only one failure, a crack in a v/olded 
Joint holding the heat exchanger to the tail pipe, has 
"been ohservod. A plate— type heat excha.nger similar to 
heat exchanger 55 has heen tested on an 0— 47B airplane 
for more than 25 hours without failure o Several semi- 
circular flat-plate heat -exchangers used for flame- 
damping research in a B— 17P airplane have withstood 200 
hours of testing without failure. 

In viev; of the preceding facts of performance and 
service, there can he no douht that exhaus t— ga s— t o— a ir 
heat exchangers can "be made to meet the requirements of 
the thermal ice— pr event ion systems of aircraft such as 
the B— 17 and B— 24 airplanes. 

It was previously noted that a B-17F airplane 
equipped with heat exchangers identical with heat ex- 
changer 7 was flown successfully in icing conditions at 
Minneapolis during the winter of 1942. Other aircraft in 
which the thermal ice-prevention system incliided exhaust- 
air heat exchangers which were successfully operated - 
in icing conditions include the X3-24D , XC-53A , and Lock- 
heed 12A airplanes. 

Because the heat exchangers tested in this investi- 
gation v:cre so varied in shape and size and because of 
the high jpressure losses involved in the air— side flight 
shrouding, any comparison of the performance characteristics 
has very little value* Nevertheless, an attempt at such 
a com-oarison has heen made and is presented in table !• 
In this table the important physical and thermal charac- 
teristics are compared on the basis of constant gas-flow 
rate, air-flow rate, and inlet-gas temperature. The 
ratios of heat output to the weight, over-all volume, 
surface area, and isothermal pressure drop were calculated 



14 



in an attempt to determine which type of heat exchanger 
had the hest over-all characteristics. The isotherual 
friction pressure drop with straight shrouding was used in 
this comparison "because the nonis other mal friction pressure 
drop included the shrouding losses. The data in tahle I 
indicate that the flat-plate heat exchangers had the "best 
air-side pr es sur e— dr op characteristics aiid that the fluted 
heat exchangers, in which there is a hollow central core, 
had the "best gas— side pr essur e— dr op character is t i cs c At 
least one heat exchanger of each type tested, except the 
pin or fin type, delivered 7500 or more B tu per hour per 
pound of weight under the test conditions given in tahle I* 
This tahle also shows that the plate-type heat exchangers 
had slightly higher ratios of heat output per unit volume 
than the fluted, finned, and round-tuhe heat exchangers, 
and that the flat-tuhe heat exchanger was outstanding in 
this respect • It is further shown in tahle I that from 
the viewpoint of heat output per unit of surface area no 
particular type was outstandingo Thus the limited data 
contained in this report indicate that among the heat 
exchangers tested no one particular type was distinctly 
superior in all respects to the other types, 

COITCLUSIOITS 



1. The data included in this report clearly indicate 
that exhaust-air heat exchangers can "be designed and 
constructed with performance characteristics which satis- 
factorily me?t the requirements of the thermal ice— preven- 
tion systems of aircraft such as the B-17 and B-24 airplane 

2. Among the exhaust-air heat exchangers tested in 
this investigation no one particular type was distinctly 
superior to the others in ail respects. 

3. Further research is required to determine the 
"best manner of reducing the nonuseful shrouding pressure 
losses i^. exhaust-air heat— exchanger installations* 
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TAB1£ 1.- COMPARISON OF HBAT-«XC HANGER PERFORMANCE 
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APg (l) non-iaothermal ga« Btatie preieure drop at 5000 feet altitude. * Parallel.f low heat exchangers. All others were oross-flow. 

^APg (II) isothermal gas pressure drop with straight shrouding at sea level. 

"^APa (l) non.isothenedl air friction pressxu-e drop at 6000 feet altitude. 

*APj^ (II ) isothermal air pressure drop with flight shrouding at sea lerel. 

^^Pa (^^^) isothermal air pressure drop with straight shrouding at sea level. 
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Figure 3g.- Heat exchanger 2S . 
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Figure ^0.- Typical installation of fluted heat 
exchanger on a North American 0-^1 A airplane. 





Figure ^3*- Quadruple-shielded thermocouple 
used to measure exhaust-gas temperature. 
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Figure.-44 Performance data, heat exchanger 10. 
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Figure 45.- Performance data, heat exchanger 12. 



CO 



(000 2000 3000 4000 5000 

Air or gas flow rate, Wa or W^, Ib/hr 



1000 2000 3000 4000 5000 

Air or gas flow rate, Wd or W9, Ib/hr 



6000 



o Heaf output. ^ t&,-55r, t^rlGOOT 

+ Non-isothermal air static AP I Wg * 3300 Ib/hr 

o Non-isothermal air friction AP J press alt =5000 ft 

^ Non-isothermal gas sfak AR iq^lGOOT, press alt =5000 ft 

A Isothermal air AP with straight st^rouding, tA-70T, Bar =30 in. Hg 

V Isothernr^al gas AP with straight shrouding, td= SOT, Bar -30 in. Hg 



Figure 46- -Performance data, heat exchanger 29. (l block = IC^30") 
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Figure 47- Performance data, heat exchanger 35. 
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Figure 48. - Performance data, heat exchanger 48. 
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Figure 4 9.- Performance data, heat exchanger 
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Figure 50. -Performance data, heat exchanger 42 , (I block = IO/30') 
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Figure 51.- Performance data, "heat exchanger 34. 
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Figure 52.- Performance data, heaf exchanger 39. 
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Figure 53.-Perf#rrf\ance data heat exchanger 4O. 
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Figure 54- Performance data.heat exchanger 4 
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(I block = 10/30") Figure 55.— Performance data, heat exchanger 7. 
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Figure 56- Performance data^heal exchanger 26 . 



